Having considered increasing production of liquid and solid biofuels from rapeseed and bearing in mind its stable and unquestionable position in the food and animal feed industries, a rational approach towards technologically and logistically efficient utilization of by-products from rapeseed processing is required. The aim of the research presented in the article is to assess the transport susceptibility of rapeseed meal fractions, varying according to particle size and chemical composition.
INTRODUCTION
Over the last three decades, there has been a steady increase in the volume of agri-bulk cargoes carried by sea [Maritime Knowledge Centre, 2012] . Those loose materials of plant origin that due to the scale of production are traded in bulk consist mainly of unprocessed grains, oil-seeds, legumes, as well as various products resulting from their processing, such as cake and meal, which are the protein source in the production of compound feed. One of these cargoes which is transported by land and sea in increasing volumes in the EU is rapeseed meal of double-low varieties (RM 00) which is a byproduct of de-oiling rape, currently used alternatively as feedstuff or solid biofuel in green energy production [Ucar and Ozkan 2008, Leśmian-Kordas and Bojanowska 2010] . In 2013 domestic rapeseed production amounted to 1.28 million tons, which was the highest level for over ten years and double that of 2004, according to data published by Fediol [2015] . Poland is currently the third largest producer of rapeseed in Europe by volume, after Germany and France and is a major supplier to the EU internal market. About 50% of rapeseed meal produced in Poland is exported to the countries of Western and Northern Europe, predominantly by sea.
Natural cargo transport susceptibility is defined as the resistance of cargoes to changes in their properties affected by the conditions and duration of transport processes resulting from chemical, physical and biological properties of the cargoes. Loads of perishables, dangerous and hygroscopic properties as well as those sensitive to mechanical damage possess the lowest natural transport susceptibility. One of the properties of rapeseed meal is its propensity to self-heating, which is the basis for listing this cargo (under common name Seed Cake) in international transport rules in class 4.2. of dangerous goods [IMDG 2014 , IMSBC 2013 . In the case of oilseed meal, self-heating processes are preceded and then accompanied by a series of changes resulting from fermentation, decomposition of compounds, oxidation of fatty acids, microbial growth, gradual evaporation of water and further thermal decomposition of organic matter [Becker 1996 , Sturaro et al. 2003 ]. The oxidation of unsaturated fatty acids with heat, water and carbon dioxide release and increased microbial activity in the initial stage of the process (35 o C-70 o C) are considered to be direct causes of self-heating, taking place in seed cake containing residual fat, with a water content above the critical level [Bowes 1984 , Becker 1996 , Ramirez-Gómez et al. 2009 ].
Fractionation of rapeseed meal, which improves its nutritional value considerably through the removal of larger particles with a lower protein content and a higher antinutritional dietary fiber content [Mińkowski 2002] , has not so far been applied on an industrial scale, mainly due to the problems with the utilization of fractions with a lower feeding value. However, there is a possibility of using coarse fractions of rapeseed meal as a renewable source of energy, mainly lumped parts of seed pulp and the plant's coats . The consequence of dividing rapeseed meal into fractions with different functional properties and alternative applications is that products with different technological and transport characteristics, including a propensity to selfheating processes, can be obtained.
The present work aims at diagnosing the susceptibility of chemically different rapeseed meal fractions to self-heating processes, using multiple comparative analysis methods: linear ordering of multivariate objects [Sokołowski 2009 ].
MATERIAL AND METHODS
The research material was post-extraction rapeseed meal produced in "ADM Szamotuły" Sp. o.o. Fractionation of the rapeseed meal by sieving was performed in accordance with PN-ISO 2591-1: 2000, using a set of Multiserw Morek control sieves. The equivalent diameter of each fraction was calculated as the geometric mean of marginal particle sizes in accordance with PN-89/R-64798. The content of the basic chemical components of rapeseed meal and its fractions (moisture, crude protein, crude fiber, crude fat) was determined by the near infrared spectroscopy (NIRS) method, on a spectrometric FT-NIR MPA-Multi Purpose Analyzer, Bruker. The camera was equipped with a rotating integrating sphere for loose, heterogeneous products. Quantitative results related to the selected chemicals, corresponding to the absorbance spectra obtained, were calculated on the basis established by the camera manufacturer's calibration model for rapeseed meal, using the OPUS 6.0 program.
The results were expressed as grams of the component per 100 g of dry matter (g·100g -1 d.m.). The water activity was determined by the static method, involving measurements of sorption of water vapor at t = 25°C and at a relative humidity of 60%, 75% and 90%. Samples of 5 g were kept in Petri dishes in a climatic chamber type 60 U Mytron, until its constant weight was achieved. The change in the weight of each sample was monitored every day to an accuracy of 0.0001 g. The porosity of the meal and its fractions was determined by the following formula:
where: ε -porosity (%); ρrz-true density (g·cm -3 ); ρn-bulk density (g·cm -3 ). Bojanowska M., 2016 , Assessing transport susceptibility of rapeseed meal fractionation products. LogForum 12 (3), 297-305. DOI: 10.17270/J.LOG.2016 The true density was determined by the Erdmenger -Mann method by measuring the volume of a sample of a known mass through the progressive replenishment of the flask with a liquid (ethyl alcohol). Bulk density measurements for natural meal and its fractions, except the smallest, were carried out according to PN-EN 1236 :1999 . Bulk density of dust with a particle size of less than 0.075 mm was determined in accordance with PN-EN 50281-2-1:2002. All measurements were made in duplicates of six.
THEORY AND CALCULATIONS
A synthetic approach to selected properties of rapeseed meal fractions was used to order particle collections with different dimensions, according to their transport susceptibility and, furthermore, to indicate the most favorable application of fractions due to the criteria adopted: usability value as a feed component and transportation properties. Linear ordering of rapeseed meal fractions was done according to the level of resistance to unfavorable chemical changes, initiating self-heating and the level of feeding value. The aggregate indexes <0;1>, as a point measure, were calculated using the following formula:
Wi -aggregate index, m -number of selected properties, α j -weight of j-variable, x'ij -normalized values of individual attributes (feature values converted to mutual comparability).
The normalized values of variables were calculated by the unitarization method, in which the interval of a particular value to the observed extreme value (the "worst" in terms of the kind of analysis) is divided by the differential between the maximum and minimum values of the j-variable. The diagnostic variables are qualified as stimulants or destimulants, according to whether their high levels are desirable (S) or undesirable (D) from the point of view of the phenomenon concerned. The following diagnostic variables were selected for calculating the "level of resistance to changes initiating self-heating" (RL) index: X1: fat content (% d.m.) -a destimulant -high fat content favors exothermic oxidation processes [Bowes 1984 ]; X2: protein content (% d.m.) -a destimulanthigh protein content favors microbial growth, especially at water activity above 0.7 [Sikorski 2001 ]; X3: water activity at temperature of 25°C and at moisture content (m.c.) of samples equal to 12.5% (The maximum permissible moisture content for extracted oil seed meals according to Polish Standard PN-80/R-64773) -a destimulant -higher water activity enables the microbial activity [White and Jayas, 1989] ; X4: porosity (%) -a stimulant -higher porosity facilitates removal of pointwise cumulated heat [Horabik 2001 ].
In the case of the "level of feeding value" (FL) index, the following diagnostic measures were used: X3: water activity at a temperature of 25 o C and at m.c. of samples of 12.5% -destimulanthigher water activity, particularly above 0.7 may increase the degree of protein and amino acid degradation, which lowers feed quality [Pastuszewska and Raj 2003]; X8: particle size (mm), expressed as the equivalent diameter of the particles -stimulant -excessive fragmentation of the feed is not desirable because of the possibility of respiratory diseases developing and excessive blowing during feed intake by animals. Bojanowska M., 2016 , Assessing transport susceptibility of rapeseed meal fractionation products. LogForum 12 (3), 297-305. DOI: 10.17270/J.LOG.2016 Due to the fact that experts in the literature have not established weights for the features selected, as well as the lack of a universally accepted formal statistical method for weighing features, in the analysis it was assumed that attributes are equally important from the point of view of the phenomena under consideration and their coefficients of validity are αj = 1.
RESULTS AND DISCUSSION
The results obtained using multivariate linear ordering of objects in the form of RL and FL indexes are presented in table 1. The higher the aggregate index, the more the values of the selected diagnostic variables are similar to the state of the most desirable (index value of 1). The mutual distances of the points for each fraction on the axis of linear hierarchy are a measure of their similarity, due to the properties analyzed (Fig.1a) . (Table 2 ). Dust with a particle size of less than 0.075 mm is characterized by lower propensity to selfheating than coarser dust fractions, due to their lower fat content (3.3% d.m.) and higher porosity (64.2%) ( Table 2) .
A high level of the RL index for fractions with a particle size above 3 mm is caused primarily by relatively low water activity (0.77) at the moisture content of the material (12.5%) and the relatively low fat content (3.6% d.m.). The lower propensity to negative changes in the case of fractions in the particle size range 0.4-1.2 mm compared to powdery fractions is in turn associated with a lower protein content (34.2% d.m.) and greater porosity, which allows for the dissipation of heat, being locally accumulated during selfheating processes.
In practice, an important role in the selfheating intensification is attributed to dust fractions, especially at higher temperatures, due to the release rate of various volatile compounds from powdery particles [Bowes 1984 , Ramirez-Gómez et al. 2010 . The studies conducted showed that dust fractions may also enhance these changes at lower temperatures due to different chemical composition and higher water activity relative to unfractionated meal. An important observation is the fact that fractions which are the most desirable as animal feed (Figure 1b ) may be simultaneously the most burdensome in transport. Potential resistance to chemical and biochemical deterioration stimulating self-heating decreases, with an increase in the feeding value, except for the two marginal fractions i.e. with a particle size greater than 3 mm and less than 0.075 mm. Fine and coarse dust (0.075-0.2 mm and 0.2-0.4 mm) containing a high concentration of protein and low percentages of anti-nutritional fiber have the highest value for the feeding industry. A fraction of particle size greater than 3 mm is also highly suitable for utilization in animal feeding. This is caused mainly by the degree of fragmentation and the hygroscopic properties of this fraction. The permissible water content of meal, accepted in trade at the level of 12.5%, corresponds to this fraction with water activity aw = 0.77, while in the finest fraction of dust, at the same water content, water activity is 0.92. The finest dust has a very low FL index, which is associated with the high water activity compared to the other fractions at the same water content, low fat content and high degree of fineness. The low feeding usefulness of the fraction with a particle size of 0.4-1.2 mm is, on the other hand, determined by the relatively low protein content and high crude fiber content.
Sorting rapeseed meal fractions according to their tendency to unfavorable changes (Figure 1a ) reflects the characteristics of each set of particles, where all the analyzed attributes are equally important. Assuming that oxidation of meal's residual fat is the main process which initiates heat accumulating and Bojanowska M., 2016 , Assessing transport susceptibility of rapeseed meal fractionation products. LogForum 12 (3), 297-305. DOI: 10.17270/J.LOG.2016.3.9 URL: http://www.logforum.net/vol12/issue3/no9 302 giving a higher coefficient of validity to the diagnostic variable "fat content", fraction positions would have been changed. Studies on the processes of self-heating taking place in oilseed meals [Bowes 1984 , Becker 1996 , Sturaro 2003 ] indicate that the assumption of the biochemical character of heating processes in post-extraction meals and of its equally important role compared to the chemical oxidation of polyunsaturated fatty acids seems appropriate.
The German Insurance Association qualifies toasted oilseed meals as materials which are biotic active and which undergo microbiological processes leading to changes in the quality and stimulating exothermic reactions [Container Handbook, 2015] . The author's own studies (unpublished) showed that the growth of microflora on the surface of rapeseed meal samples stored at different temperatures and at a relative humidity of 80% is dependent mainly on protein content. However, according to transport regulations (IMSBC, IMDG Codes), the residual fat content and further moisture content in meals are the only criteria to assign cargo to one of four groups, including three dangerous ones (Seed Cake: UN 1386 a, 1386 b UN or UN 2217). Table 3 shows the classification of fractions of rapeseed meal with a given moisture content and residual oil based on the criteria contained in the IMSBC Code. According to these criteria, only two fractions, i.e. one with a particle size above 3 mm and the other below 0.075 mm with a certain moisture and oil content could be classified as safe in transport in terms of self-heating. Other collections of particles, as well as unfractionated rapeseed meal, meet the requirements for the classification set of seed cakes prone to self-heating (class 4.2. of dangerous goods, UN 1386 (b)). Resistance-level indexes of fractions classified as safe in transport were high (w> 3 = 0.7190 and w <0.075 = 0.6343). For the remaining fraction, which are classified as dangerous goods according to the IMSBC Code, these indicators were correspondingly lower, with the exception of fractions with a particle size in the range of 0.4-1.2 mm (w0.4-1.2 = 0.6754). The reason for this discrepancy is the oil content of this fraction, which exceeds 4% d.m. and thus prejudges qualifying this group of particles to class 4.2 of dangerous goods. Simultaneously, this fraction has the lowest protein concentration and the highest porosity, which contributes to its higher position in the hierarchy of collections of particles by increasing the level of resistance to unfavorable changes initiating self-heating.
CONCLUSIONS
It can be concluded that it is beneficial to divide rapeseed meal into two fractions in Bojanowska M., 2016 , Assessing transport susceptibility of rapeseed meal fractionation products. LogForum 12 (3), 297-305. DOI: 10.17270/J.LOG.2016 terms of both the utility of meal as well as its transportation properties: finer meal, which might be used exclusively for the domestic animal feeding industry and a thicker one, used as a biofuel to be utilized locally and due to greater resistance to quality changes, exported in bulk by sea, in the case of production oversupply . With each ton of rapeseed meal, about 250 kg of fine fraction meal (d <0.4 mm ) is obtained, with a protein content of more than 40% d.m. and structural polysaccharide content reduced to the level of 7.9-9.4% d.m. (vs 11.8% in the natural meal). However, this fraction has very low transport susceptibility (the influence of the fraction with a particle size less than 0.075 mm on the transport susceptibility of mixed dust fractions can be omitted because of its weight participation of only 0.1%). During long journeys by sea, the benefits of fractionating the natural meal may be reduced by the quality of such a product dropping quickly, especially with unmodified, averaged standards for permissible moisture content. In transport processes, such a product will be more susceptible to self-heating than natural meal and will pose a real risk of explosion [Bojanowska and Leśmian-Kordas 2009] . It would therefore be useful to use transport packaging for domestic carriages of fractionation meal products intended for the fodder industry.
Fractions with a particle size above 0.4 mm, obtained in amounts of about 750 kg per ton of meal, could instead be used as a renewable energy source. We can assume with a high probability that such a product, as compared to unfractionated meal, would be characterized by greater transport susceptibility, and also would pose a much smaller risk of explosion in technological and transportation processes. The experience with agro-biomass in the green energy sector, including rapeseed meal, has shown that the delivery logistics as well as transportation attributes of solid fuels, such as hygroscopic properties, explosiveness of dust or susceptibility to self-heating, are as important as their functional characteristics (elemental composition, heating value, emission of gases and particles etc.). It has not been ruled out that the fractionation of meal may also bring benefits for the combustion processes, because of the lower protein content in coarser fractions (and thereby probably lower emissions of nitrogen oxides NOx), which together with the transport susceptibility presented in this paper, can inspire experimental research on the effect of the fractionation on the properties of solid biofuels originating from rape seed.
